Gene duplication has long been recognized as a major force in genome evolution and has recently been recognized as an important source of individual variation. For many years the origin of functional gene duplicates was assumed to be whole or partial genome duplication events but recently retrotransposition has also been shown to contribute new functional protein coding genes and siRNA's. In this study we utilize pseudogenes to recreate more complete gene family histories and compare the rates of RNA and DNA-mediated duplication and new functional gene formation in five mammalian genomes. We find that RNA-mediated duplication occurs at a much higher and more variable rate than DNA-mediated duplication, and gives rise to many more duplicated sequences over time. We show that while the chance of RNA-mediated duplicates becoming functional is much lower than that of their DNA-mediated counterparts, the higher rate of retrotransposition leads to nearly equal contributions of new genes by each mechanism. We also find that functional RNA-mediated duplicates are closer to neighboring genes than non-functional RNA-mediated copies, consistent with cooption of regulatory elements at the site of insertion. Overall new genes derived from DNA and RNA-mediated duplication mechanisms are under similar levels of purifying selective pressure, but have broadly different functions. RNA-mediated duplication gives rise to a diversity of genes but is dominated by the highly expressed genes of RNA metabolic pathways. DNA-mediated duplication can copy regulatory material along with the protein coding region of the gene and often gives rise to classes of genes whose function are dependent on complex regulatory information. This mechanistic difference may in part explain why we find that mammalian protein families tend to evolve by either one mechanism or the other, but rarely by both.
Introduction
The impact of changes in gene copy number on both evolution and human health are under increasing scrutiny. While the creation of new genes and the modulation of gene copy-number via duplication has long been recognized as an important mechanism for the evolution of lineage-specific traits (Ohno 1970 ), a number of recent studies have suggested that variation in gene family size may be even more widespread than previously appreciated (Fortna et al. 2004) and that gene copy number variation between individuals may account for differences in disease predisposition within populations (McCarroll and Altshuler 2007; Redon et al. 2006 ).
Four primary mechanisms of gene duplication have been described (for review see (Hahn in press; Li 1997): whole genome duplication or polyploidization (Hurley et al. 2005; Skrabanek and Wolfe 1998; Van de Peer et al. 2003) , unequal crossing over or tandem duplication (Shoja and Zhang 2006) , duplicative transposition (Bailey et al. 2003; Friedman and Hughes 2004; Samonte and Eichler 2002) , and retrotransposition (Harrison et al. 2005; Zhang et al. 2002) . Of these, whole genome duplication, tandem duplication, and duplicative transposition are DNAmediated duplication events (abbreviated here as DD for DNA Duplication), while retrotransposition is RNA-mediated (abbreviated here as RD for RNA Duplication). Whole genome duplication has been important to the evolution of many lineages (Jaillon et al. 2004 ; Van de Peer et al. 2003) , but it is a relatively rare event. Unlike whole genome duplication events, tandem duplication and duplicative transposition (sometimes collectively referred to as segmental duplications) occur continuously and have contributed significantly to the divergence of gene content between mammalian genomes. Duplication by retrotransposition also occurs quite frequently, but because newly retrotransposed gene copies are duplicated by an RNAmediated mechanism they lack the promoter and other flanking regulatory sequences of the parental gene. For this reason, retroduplication events have long been believed to give rise primarily to non-functional pseudogenes (Petrov and Hartl 1999; Shemesh et al. 2006) . Recent studies however, have indicated the presence of many apparently functional retrocopies in various mammalian genomes, challenging traditional perspectives on the relevance of this event to genome evolution (Sakai et al. 2007; Svensson et al. 2006; Vinckenbosch et al. 2006) . Very recently retrotransposition has also been shown to contribute siRNA genes to the genome (Tam et al. 2008; Watanabe et al. 2008) .
In this study we compare the rates of new gene formation by DNA-mediated duplication (DD) p4 and RNA-mediated duplication (RD) in five eutherian genomes. We show that, while genes arising from DD events are up to six times more likely to remain functional than those arising from RD events, the number of RD events is nearly ten times that of DD events, resulting in roughly equal quantitative contributions of new genes from each mechanism. Our analysis further shows that (1) duplicate genes generated by each mechanism are under similar levels of constraint on their protein coding regions but belong to distinctly different classes of genes, (2) gene families tend to evolve by one duplication mechanism or the other, but rarely both, (3) silent site substitution profiles of RD duplicate copies are consistent with bursts of retrotransposition during mammalian evolution, while DNA-mediated duplication appears to occur at a more stable rate, and (4) RD copies under stabilizing selective pressure have insertion sites significantly closer to the nearest genes.
Methods

Dataset
Protein sequences for the five species analyzed (human, chimp, mouse, rat and dog) were obtained from Ensembl (release 37) (Hubbard et al. 2005) . For genes with multiple alternative transcripts we developed a collapsed gene model that incorporates all predicted exons of the gene. Resulting exon coordinates were used to obtain a representative protein sequence (see Supplementary Data for detail) that was used for subsequent homology assignment and dN/dS computations. Ensembl protein family annotations served as a starting point for our analysis.
Over all five species, there were 17,341 Ensembl families comprising 113,543 genes. Excluding families with members on unassembled contigs (no reliable synteny information) and families with more than 50 Ensembl genes (due to the excessive computation time required to generate multiple alignments) resulted in 8,872 gene families containing 53,733 genes.
Pseudogenes were identified using PseudoPipe Local synteny levels were used in a two-stage clustering algorithm (see Figure 1 ) to identify syntenic ortholog/paralog clusters. In our algorithm, for a set X of genes and pseudogenes, ) ( X Sp denotes the set of species represented in X . For a set S of species, ) (S LCA denotes the last common ancestor in the phylogenetic tree. In the first stage, we used a single-linkage clustering algorithm to obtain core clusters by merging pairs of genes and pseudogenes with local synteny level of 2, predicted to be either orthologs or paralogs resulting from DD events which preserve up and downstream neighbors. In the second stage, we merged pairs of core clusters if every member of one cluster had synteny level of 1 to every member of the other cluster (also predicted to be orthologs or paralogs from DD events). Any two non-overlapping clusters from this two-stage clustering algorithm are mutually non-syntenic. Second stage clusters spanning a phylogenetically contiguous subset of the species represented in larger clusters from the same super-family represent putative descendants of RD events or DD events that have lost local synteny. 3,018 clusters out of 27,869 clusters from the above two-stage clustering algorithm were ambiguous and were not considered as RD events. Since retrotransposed gene copies generally lack introns due to their RNA-intermediate nature, we distinguish between these possibilities using intron content conservation scores as described below. 
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Else, return false denotes the set of species represented in X. For a set S of species, LCA(S) denotes the last common ancestor in the phylogenetic tree. subtrees from an inner node had disjoint species sets, this node was considered as a speciation event ( Figure 2 ). Remaining inner nodes are ambiguous between speciation and DD events followed by gene loss and were disregarded. In total, 39,673 inner tree nodes were classified as speciation events, 2,035 as DD events, and 1,642 were ambiguous.
We distinguish between putative descendants of RD events or DD events that have lost local synteny using intron conservation scores between descendant genes and pseudogenes. The intron conservation rate between two paralogous genes was calculated as the ratio of the number of shared introns divided by the total number of intron positions from the protein/intron alignment between two genes (based upon the method of (Rogozin et al. 2003 ). An event was identified as an RD duplication if the average intron conservation rate to paralogs outside the cluster was below 1/3 (see Supplementary Data for supporting data).
For RD events that do not have Ensembl gene models we lack Ensembl intron predictions.
Accordingly, for these RD duplicates we used PseudoPipe intron predictions ).
We filtered out RD events for which more than half of the descendant PseudoPipe predicted pseudogenes are annotated as probable intron bearing copies. Of 11,193 RD events, we filtered out 1,666 RD events: 1,645 of these have only intron-bearing pseudogene predictions, and 21 events give rise to more intron-bearing pseudogenes than intron-free pseudogenes (or genes). We retained 202 RD events that gave rise to primarily intron-free predictions with only one intronbearing prediction, however these represent only ~1% of the total number of RD events.
p8 Figure 2 . Inferring DD and RD events using local synteny and hierarchical clustering. This example shows how DD and RD events are inferred from a super-family having 9 members: 2 members per each species except for dog, from the results of our clustering algorithms (on the right side) to corresponding events (on the left side). By using twostage clustering algorithm, two syntenic clusters are formed, shown as hollow rounded rectangles. Loss of introns in one cluster suggests that the loss of synteny was due to an RD event. UPGMA builds hierarchical clusters within each syntenic cluster and speciation and DD events are inferred based on species sets.
Event Assignment to Tree Branches and Evidence of Function
We used parsimony to assign each inferred duplication event to a specific branch of the 5-species tree. We assigned each event to the tree branch corresponding to the exact set of species spanned by the descendant genes of the detected duplication event, which we refer to as assigned events. Intact events are defined as those duplication events that have no apparent disruption (e.g. in-frame stop codons) of the protein coding sequnce and an Ensembl annotated gene in each p9 of the species spanned by the cluster. Functional events are defined by the clusters of putative protein coding genes with average dN/dS ratio below 0.5 over all pairs of genes within the cluster. In order to avoid the disruption by subsequent DD events, we computed average dN, dS, and dN/dS measures for the descendants of a duplication event assigned to branch b considering only the pairs of genes and pseudogenes coming from different lineages rooted at b. Pairwise dN and dS measures were estimated using the YN00 program of PAML (Yang 1997 ).
Distance to the Nearest Ensembl Genes from RD Copies
For RD genes and processed pseudogenes located in intergenic regions, the distances from the RD copies to the nearest upstream/downstream Ensembl genes on the same/opposite strand were measured. The distance was defined by the difference between the starting point of predicted coding sequence (intact or interrupted) and the starting point of the coding sequence of neighboring Ensembl genes.
Gene Ontology Analysis
The correlation between the duplication mechanism and gene families was measured using the GOstat web tool (Beissbarth and Speed 2004) with default parameters. We used the sets of genes from the 10 families most abundant in RD and DD events, and reported the overrepresented GO terms with a p-value below 0.1. For families with one or two duplication events we selected mid-size families having between 7 and 17 Ensembl annotated genes and RDonly or DD-only events (594 RD-only families and 250 DD-only families). We performed the GOstat analysis for biological process terms on this list, using a minimal GO path length of 5.
Results
Lineage Distribution of Duplication Events
Events giving rise to clusters of genes with no conservation of synteny relative to "parental" genes and low inter-cluster intron conservation rates were classified as RD events, while events giving rise to clusters of genes with high local synteny to parental genes were classified as DD events. Events corresponding to gene clusters with indeterminate intron conservation or local synteny to parental genes were classified as ambiguous. This analysis resulted in the p10 classification of a total of 2,035 DD events, 12,507 RD events, and 2,742 ambiguous events.
Using parsimony to assign non-ambiguous events to branches of the species tree resulted in 52 DD and 45 RD events on the branch leading to primates and rodents (the in-group), 161 DD and 1,782 RD events on the primate branch leading to humans and chimps, and 88 DD and 522 RD events on the rodent branch leading to mice and rats ( Figure 3 ). Gene duplication events for the root and terminal branches of the tree were also counted, but not used for further analysis due to the difficulty in estimating the degree of purifying selection on very recent duplication on the terminal branches, and the age of duplications at the root. A number of 386 DD and 429 RD events could not be reliably assigned to specific branches of the tree using parsimony and were also omitted from further analysis. p11 Duplication event counts on the three internal branches of the tree reveal an excess of RD events over DD events along all but the deepest branches of the tree, suggesting an average rate of RD copy formation 3-10 times higher than that of DD copy formation ( Figure 3 ). Deviation from this ratio along the in-group branch may be the result of a period of relative inactivity of retrotransposition compounded with the difficulty of detecting the products of old RD events not under purifying selective pressure (Marques et al. 2005 ).
Rates of Duplication
Rates of retrotransposition vary significantly over time and bursts of retrotransposition have been reported in several mammalian lineages (Marques et al. 2005; Zhang et al. 2004 ). The synonymous substitution rate (dS) profiles of the duplicates identified in this study ( Figure 4 ) are shaped by the rate of generation of new duplicates, the mutation rates along each lineage, the age of the genes identified in each interval, and our ability to identify genes uniformly along each lineage. Pseudogenes, for instance, become increasingly difficult to identify as they get older and diverge from their original sequence. RD events in all three internal branches show clear peaks in dS ( Figure 4A ). For duplications occurring on the primate branch this peak occurs around dS=0.1, while in rodents it occurs around dS=0.3 and in in-groups around dS=0.6 ~ 0.8. This pattern is consistent with bursts of retrotransposition in each of these lineages, a high mutation rate in the rodent lineage, and the 36Myr gap between the speciation events leading to rodent and primate lineages. Duplications occurring prior to the rodent/primate split display a dS distribution significantly shifted toward higher dS values, consistent with the greater age of these duplicates.
DD events show a similar distribution in dS but a more uniform distribution of dS values than RD duplicates ( Figure 4B and C), suggesting that DNA-mediated duplication is a more uniform process that occurs at less variable rates than retrotransposition. It is interesting to note that the inferred age distribution of DD events is more uniform than that of the RD duplicates but is not perfectly flat, suggesting that there may be some variation in the rate of DD events over evolutionary time. 
Preservation Rates of Functional Duplicate Copies
In Figure 3 , along the in-group branch leading to primates and rodents DD and RD events contribute roughly equal numbers of intact events. However as we move more distally along the tree, intact RD events begin to outnumber intact DD events. While the numbers of intact DD and RD events are roughly equal along the rodent branch, RD intact events outnumber DD intact events almost three fold on the primate branch. Terminal branches of the tree display and even greater excess of RD intact events, ranging from nearly equal numbers in humans and chimps, to a near three-fold excess in mice, and a roughly four-fold excess in rats and dogs. The progressive increase in intact RD events over intact DD events in more recent branches of the tree is likely to be due in part to recent bursts of retrotransposition, and in part due to the persistence of intact protein coding regions in young RD copies that may not be functional, but have not yet experienced inactivating mutations of their protein coding regions.
The progressive influence of purifying selection over time is readily observed in dN vs. dS p13 plots of DD and RD events from the three internal lineages. In Figure 5 , RD events on the primate branch are compressed near the origin, consistent with a recent burst of retrotransposition in this lineage, while DD events display a more even age distribution. Nonintact events are generally interspersed with intact ones, except for the rodent lineage in which the effect of prolonged purifying selection results in the separation of inactivated RD events from the intact RD copies. In the in-group there are very few inactivated duplication events due to the difficulty in finding very old pseudogenes. However, some inactivated events remain interspersed among intact ones, suggesting that the gene duplicates resulting from these events were under purifying selection and may have only recently suffered interruption of their protein coding regions. Alternatively, these genes may encode partial protein products that remain under purifying selection.
It is probable that young duplicate genes may escape inactivation for some time despite lacking any apparent function. Since Ensembl gene predictions rely upon the presence of an intact coding region rather than any evidence of selection pressure upon the sequence, the gene clusters resulting from intact duplication events should be comprised of both functional genes and duplicates that are not functional but have escaped inactivation. Evidence of purifying selection is often used as evidence for function, and the ratio of synonymous to non-synonymous changes (dN/dS) in the protein-coding region of a gene is a convenient way of estimating this selective pressure (Nekrutenko et al. 2002) . For example, dN/dS ratio < 0.5 has been used as stringent functionality criteria between retrotransposed genes and their parental genes (Emerson et al. 2004 ). Also Torrents et al. showed that there is a clear discrimination between dN/dS ratios of pseudogenes and those of functional genes, supporting the use of dN/dS ratios as evidence of function (Torrents et al. 2003 ). Here we compute dN/dS ratios between all pairs of descendants from each duplication event. This pairwise approach is computationally rapid, is independent of precise reconstruction of the entire gene tree, and allows for the detection of functionalized descendant clusters of a duplication event that are not constrained relative to the parental genes. p14 and DD events on each of the three internal branches of the mammalian tree. In the oldest internal branch of the tree (in-group) very few clusters generated by either duplication mechanism can be detected that are not under some degree of purifying selection pressure. This is probably due to the difficulty in identifying very old non-functional sequences. Such sequences are expected to drift away from their parental sequence making identification increasingly difficult with advanced age. Clusters derived from duplication events along the rodent branch have a bimodal distribution of dN/dS ratio resulting from RD and DD events that gave rise to putatively functional gene copies (aggregate dN/dS values < 0.5), and clusters with no clear evidence of stabilizing selective pressure. Duplication events along the primate branch p16 gave rise to clusters with more uniformly distributed aggregate dN/dS values spanning the entire range of measurements. This is likely to be a reflection of the relatively short period of time these new genes have been under purifying selection and is consistent with the relatively low dS values of duplicates detected along this branch ( Figure 5B ).
Relative Position of RD Copies to the Other Genes
In order to address the question of why some RD events are under the stabilizing selective pressure (dN/dS ration ≤ 0.5), we analyzed the location of RD copies. We categorized RD copies as either genic (mostly intronic) or intergenic, and measured the distance to the nearest Ensembl genes. Three classes of RD copies were defined: intact RD genes with dN/dS ≤ 0.5 (SS-RD), intact RD genes with dN/dS > 0.5 (NI-RD) and processed pseudogenes (PP-RD). Table 1 shows the number and percentage of RT copies on genic and intergenic sequences and corresponding pvalues (χ 2 test using the proportion of genic area in the whole genome). Although all the three classes of RD copies were less likely to be found inside other genes (all p-values <1E-06), processed pseudogenes (PP-RD) were found inside other genes two or three times more often than intact RD copies (SS-RD and NI-RD). Figure 7 ). This is consistent with retrotransposed duplicates coopting preexisting regulatory elements. Not surprisingly, distances to upstream neighboring genes on the opposite strand (in a head-to-head configuration) have the shortest median distance to intact RD copies (95.8KB for SS-RD and 138.7KB for NI-RD) ( Figure 7C ). 
Distribution of Duplication Events within the Mammalian Tree
The total number of RD and DD duplication events detected in this study is illustrated in Figure 3 . Along each branch the number of events giving rise to clusters with evidence of purifying selective pressure on their protein coding regions is in bold typeset, while the total number of events detected is in denominators, showing a fraction of the functional events over the total assigned events, e.g. 53/161 for DD events on primate branch. From these numbers it is clear that that we detect far more RD events than DD events, but that far fewer of these events give rise to functional protein coding genes than their DD counterparts. Analysis of the internal branches individually reveals small possible differences in the relative probability of these events giving rise to functional genes in different lineages. In the most basal branch shared by rodents and primates there is a slight excess of functional DD events over functional RD events, while the two mechanisms appear to contribute equal numbers of functional events in the rodent lineage. The primate and rodent branches show similar rates of assigned DD events, but in primates fewer of these events give rise to functional descendants (Table 2) . A decreased rate of functionalization is also apparent in the RD events on the primate lineage. Despite an RD event rate nearly twice that seen in rodents, the number of functional RD events in primates is only 2 5% greater than that in rodents. Of the 262 families containing at least one functional event, 151 (57.6%) families have exclusively functional RD events and 101 (38.5%) have exclusively functional DD events, suggesting that gene families primarily evolve either by DNA-mediated duplication, or by RNAmediated duplication (retrotransposition), but rarely by both mechanisms. We tested this idea by looking more closely at the distribution of functional RD and DD events in families with at most 4 functional events. We counted families that contained only DD or only RD functional events and compared these observations to the numbers of families expected based on a binomial distribution of the of two types of events, where the probability of DD functional events is p=148/335 (total number of functional DD events / total number of functional events) and the probability of RD functional events is q=1-p (Table 3) . Chi-squared tests reveal that the observed mutual exclusivity of these two mechanisms is statistically highly significant. p20 As the mechanisms that give rise to these two types of duplications have very different consequences for the properties of the duplicate copy, it might be reasonable to expect that each mechanism might be biased in the type of new functional genes it creates. We examined the types of genes created by each duplication mechanism by identifying Gene Ontology terms that are overrepresented in families derived from each mechanism. As might be expected the largest Undetected gene loss events deeper in the tree may lead to miss-assignment of some duplication events to younger branches and a consequent under-estimation of the age of these gene families.
But using local synteny to help classify duplication events works well for the species analyzed in this study.
Once duplicated genes have been identified and assigned to large gene families, clusters of orthologs within those families must be constructed to infer the time of the duplication event that gave rise to each cluster. Our clustering algorithm uses the local genome structure surrounding duplicate copies and intron content to differentiate between DNA and RNA based duplications and to order successive DD events. This method is effective because random insertion of a retrocopied cDNA into the genome is very unlikely to recreate any significant synteny with orthologs or paralogs (see Supplementary Data: Figure D) . The very low false-positive rate (0.2%~0.7%) associated with measures of local synteny means that genes that share synteny with paralogs are almost certainly the result of DNA-mediated duplications regardless of intron content. Therefore this method is unlikely to misclassify RD duplicates as DD duplicates. DNAmediated duplications, however, can lose synteny to their paralogs over time (Huynen and Bork 1998; Rocha 2006) , which may result in some DD class being mis-assigned to the RD class. To account for this we use conventional intron content criteria (Vinckenbosch et al. 2006 ) to further discriminate between non-syntenic DNA based duplications and RD copies. Duplicate pairs that maintain synteny with their paralog are most likely DNA based, while non-syntenic paralogs with significant intron loss are likely RD duplicates. Comparison with other studies identifying RD duplicates in mammalian genomes suggest that using synteny criteria in addition to intron p22 content improves the reliability of RD duplicate classification and that duplications identified as RD duplicates on the basis of intron content alone may in fact be DD duplicates.
While the gradual degradation of synteny can create problems for placing duplication events on a phylogenetic tree, it conversely enables the differentiation of successive DD events. Gene families generated by rounds of DNA-mediated duplication can be difficult to classify into definitive orthologous groups using protein-coding sequences alone. By examining flanking gene content, however, orthologous groups of paralogs can often be clearly resolved and iterative DNA based duplications placed on the phylogenetic tree. As a result we can see that while synteny decays over time, dN/dS values may actually decrease, reflecting the prolonged influence of stabilizing selection.
Detection of duplicate genes will always depend strongly on the depth and quality of genome annotation. This fact is reflected in our results in the highest number of duplicates detected in the two most well annotated genomes in the study, human and mouse. While it is difficult to predict how many duplicates have been missed in current genome annotations, estimates of duplication rates from the most well-annotated genomes are judged to be quite accurate (Consortium 2004; She et al. 2008; Vinckenbosch et al. 2006) . The consistency of these estimates across the tree suggests that the number of duplications events is not highly variable between these species, but definitive demonstration of that finding must await further annotation (see also (Demuth et al. 2006 ).
Rates of duplication
Lineage specific gene duplication, by RNA-mediated or DNA-mediated duplication, is a major force in the evolution of differences between genomes. Thousands of new genes have been born over the course of mammalian evolution, and while not all of these new genes live, they provide significant quantities of raw material for species-specific evolution and account for many of the known differences between closely related mammalian genomes (Demuth et al. 2006 ).
Retrotransposition, in particular, appears to be peppering the genome with large numbers of duplicate retrocopies that can act as both insertional mutagens (Mills et al. 2007 ) and new duplicate genes (Vinckenbosch et al. 2006) , and siRNA's (Tam et al. 2008; Watanabe et al. 2008 ). Analysis of retrotransposon activity during vertebrate evolution shows strong peaks of activity (Ohshima et al. 2003) and it is therefore not surprising that RD duplication of genes p23 shows similar peaks in birth rates. DNA-mediated duplications, however, are not expected to be dependant on retrotransposon duplication machinery and appear to occur at a more stable rate.
Consistent with these expectations, the age profiles of the DD events identified in our study are more broadly distributed than the RD age profiles, but interestingly, they are not perfectly uniform over time and may indicate of bursts of DNA-mediated duplication activity in the evolutionary history of these genomes (see also Bailey et al. 2002 and She et al. 2006) 4.3 The fate of newly duplicated genes At the moment a newly duplicated gene is born it is presumed to be an exact copy of the duplicated portion of the parental gene (cDNA for retrocopies; and introns, exons, and flanking material for segmental duplicates). Over time, however, mutation, coupled with selection, leads to the divergence of the new copy from its parent/paralog. The progressive aging of a duplicate is revealed in its dS profile, as we move deeper on the tree, dS values between duplicate pairs become progressively larger, reflecting the age of the duplications ( Figure 5 ). If a new duplicate is functional, purifying selection will serve to remove deleterious non-synonymous mutations from the population, and the ratio of non-synonymous to synonymous changes (dN/dS) will diverge from that of non-functional copies. Full resolution of the degree of purifying selective pressure, however, takes time, and estimating this pressure on young duplicates can be difficult.
Indeed, we find significant separation between putative functional and non-functional descendants of a duplication event in populations of genes that have had sufficient time for this difference to become apparent (see the rodent branch Figure 6A (Table 1) .
This difference is likely to be due to the age of the retrocopies identified in these two studies. We only analyzed RD copies from the three internal branches of our phylogeny, while Vinkenbosh et al. analyzed all human retrocopies, including those generated since the split from chimpanzee, which were excluded form our study as too young to be reliably assessed for function. When we constrain the comparison with the Vinckenbosh data to only those human RD copies with mouse orthologs, the percentages of the retrocopies and pseudogenes inside other genes decreases to 17.3% and 27.4% respectively, which are comparable to our strand independent results from the in-group branches in our study (13.1% to 14.4% and 25.9%).
Family Size and Gene type
While there is little difference between the numbers of new genes contributed to the genome by these RNA-based and DNA-based duplication mechanisms, we anticipated major differences p25 in both the size of the gene families created by each mechanism and the types of genes successfully duplicated by each. The first of these expectations proved inaccurate, but revealed a previously unanticipated phenomenon. The size distribution of families generated by RD and DD are virtually identical (see Figure 8 ). Both very large and very small gene families may be comprised of DD or RD duplicates. Interestingly however, very few families (far fewer than expected by chance) are comprised of duplicates generated by both mechanisms (Table 3) . This may be due, in part, to the possibility that some types of genes are more likely to survive duplication in the absence of specific regulatory information. If so, some gene families would be As shown in Figure C , only the protein-coding genes on annotated chromosomes were taken for the next step. The exons from the multiple transcripts are collapsed into a single set of exons by following rules: 1) take the union set of exons from multiple transcripts, and 2) merge or concatenate two overlapped or adjoining exons if any. From these new collapsed exons the corresponding introns are also created. Some exceptions were considered to make the collapsed exon coordinates, such as the cases that UTRs on inner exons were counted neither as 5' or 3' UTR of corresponding gene, and that no gene coordinates were affected by any overlapped gene ones. Figure E shows how a collapsed protein is created from a collapsed gene. Since some of the genes in Ensembl database have multiple transcript phases, we used the first phase information in Ensembl database and had to discard any leftover nucleotide letters between two exons during translation. In Figure C (b) an exemplar gene has two transcripts with different phase, 1 for T1 and 0 for T2, for the fourth exon of collapsed gene model. Since T1 is the first transcript in the database we picked 1 for the phase information and discarded 1 leftover letter for the fourth exon in CP. However because T1 doesn't have exon at the position of the fifth collapsed exon, the phase information of the fifth collapsed exon is from T2, which is 2. Therefore in this collapsed protein CP, the first, second and fourth exons are parts of the protein from T1 transcript and the third and fifth exons are from T2. This phase abnormality is assumed annotation problem or from the lack of information. Since our goal is not related with protein functionality, this collapsing process will provide us enough consensus protein sequence. The collapsed protein sequences were used as input of any following steps that needed protein sequences. ...GAGGA NGT… p35 for upstream and 0 for downstream or (2, 0) in short (we don't distinguish (2,0) from (0,2)).
From our preliminary experiments, the synteny measure higher than (1, 0), i.e. (m, n) where 1<m+n≤6, was selected as the threshold for DNA-mediated duplicated genes. In addition to this threshold, we considered any two sided matches of synteny measures, i.e. (m, n) where 0<m, n≤3
are stronger signal of the DD genes than any one sided matches, e.g. (2, 0) or (3, 0). Therefore we have three synteny levels, '0' for (0, 0) and (1, 0), '1' for (2, 0) and (3,0) and '2' for any two sided matches. Since any paralog definitions can include either DD duplicates or RD copies we use ortholog pairs to assess our local synteny measure. 
